Since Maruyama and Yanagital first described a filtration method for obtaining synchronously dividing bacteria, a number of reports2-5 have appeared utilizing this approach. Basic to the filtration technique were the assumptions that the bacteria played a passive role during filtration and that synchronous growth was achieved by the principle of selection by size. However, in the course of investigations to improve the reliability and increase the yield of the technique as used by Helmstetter and Uretz,4 a new principle for bacterial synchronization became apparent. This principle involves (1) the fact that a bacterium will bind to a variety of surfaces and (2) the ability of the cell to divide while bound to these surfaces. If a population of bacteria could be irreversibly bound to a surface while growth medium flowed past the surface, the only cells which would appear in the medium would be those new daughter cells which were not involved in the attachment of their parent cells to the surface. Since the cells bound to the surface would be growing, the unbound sister cells which elute from the surface would be representative of the youngest6 cells in a log phase culture. Under the proper conditions, new daughter cells could be removed for extended periods of time from the population growing on the surface, and these cells would grow synchronously.
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The purpose of this report is to describe a technique for the continuous removal of new daughter cells from a growing culture and to present evidence that this technique operates by the principle stated above.
Materials and Methods.-Bacteria and growth conditions: The organism used was Escherichia coli strain B/r (ATCC 12407). The minimal medium contained NH4Cl, 2 gm; Na2HPO4, 6 gm; KH2PO4, 3 gm; NaCl, 3 gm; MgSO4, 0.013 gi; Na2SO4, 0.011 gm; and glucose, 5 gm in 1 liter of distilled water. In preparation for each experiment, an inoculum of the bacteria from a nutrient agar slant was grown to saturation in nutrient broth at 370C. A 0.1-ml sample from this culture was inoculated into 100 ml of the minimal medium and incubated for 24 hr at 370C. A 0.2-1.0-ml sample of a 100-fold dilution of the 24-hr culture was then inoculated into 5-10 liters of minimal medium and incubated with aeration at 370C. After 17-20 hr the culture was in exponential growth at a titer of 2 X 107 to 2 X 108 bacteria/ml. One liter of this culture was used to inoculate the synchronization apparatus, and the remainder was filtered through a 0.65-u-pore, 152-mmdiameter Millipore filter and used for washing and eluting the cells in the synchronization apparatus. This filtered medium will hereafter be called conditioned medium, Synchronization: A schematic diagram of the synchronization apparatus is shown in Figure 1 . It was essentially a two-section stainless steel funnel coupled to a recirculating device. The binding surface for the cells lay on a fine screen which was clamped between the upper and lower sections of the funnel. The binding material used was Whatman cellulose anion exchangers in the paper form which were cut to 15-cm-diameter circles. The exponential phase cells were bound to the anion exchanger by passing the culture through the paper under low pressure (1-3 lb/in2) so that the flow rate was approximately 100 ml/sec.7 Most of the bacteria passed through the exchanger and were discarded. The anion exchanger was then washed as is described in detail below. Elution was carried out in a continuous fashion by recirculating the eluent with a Sigmamotor OV-22 Kinetic-Clamp pump. Cells were prevented from re-entering the anion exchanger by passing the recirculating eluent through a 0.65-p-pore, 152-mm-diameter Millipore filter. A few aminoethyl-cellulose papers were always placed below this Millipore ifiter to stabilize any effects on the growth medium caused by the introduction of ion-exchange material. The elution rate was maintained reasonably constant since "bound" cells would only remain bound under steady-state flow conditions. The elution was controlled either by adjusting the height of the fluid column above the anion exchanger or by setting the pumping rate in a closed system. Samples were taken directly from the eluent and not the recirculating pool. All of these operations were performed in a 370C room.
For studies on the properties of this system (Figs. 2-5), the number of ion-exchange papers was varied between 1 and 8, and these were inoculated with 1 liter of an exponential phase culture at 6 X 107 bacteria/ml unless otherwise specified. The exchanger was then washed with 1 liter of conditioned medium. The wash step was performed by applying and releasing a differential pressure at approximately 350-ml intervals until all of the washing fluid had passed through the exchanger. The flow rate was 100 ml/sec. The elution medium for these experiments consisted of a mixture of one part conditioned medium and one part fresh minimal medium unless otherwise specified. 
FIG. 2.-Elution of bacteria from 8 aminoethyl-celulose
While the exact specifications were papers (AE) and 4 diethylaminoethyl-cellulose papers not critical, the two-section funnel (DEAE). After elution of the DEAE papers for 163 was 15 cm in diameter at the posi-min, NaCN was added to the eluent to give a final concention of the exchanger and had a ca-tration of 0.005 M (arrow). The elution rate was 600 mld/ pacity of 5 liters.
min.
For optimal yield of synchronized bacteria the apparatus was operated with one aminoethylcellulose paper as the binding surface. The total number of cells passed through the paper for the binding operation depended upon the concentration of eluted cells desired. This step was usually performed using 1 liter of 1.2 X 108 bacteria/ml, but has been performed with titers ranging from 2 X 107 to 2 X 108 bacteria/ml with essentially the same results. In general, the more VOL. 50, 1963 MICROBIOLOGY: HELMSTETTER AND CUMMINGS 769 thoroughly the paper was then washed, the better was the subsequent selection of new daughter cells. Optimal selection was obtained after performing three 1-liter washing steps as described above and inverting the paper after each liter passed through. If the washing steps were reduced or eliminated, the selection was poorer but the yield was much greater. Elution was always performed with the paper inverted relative to its position at inoculation. After the paper was inverted for elution, a 0.65-is-pore, 152-mm-diameter Millipore filter was placed above the paper to prevent backflow of cells, and elution with conditioned medium was begun. Samples were collected for synchronous growth analysis after elution had proceeded for 40 min, and were incubated with vigorous shaking. Counting procedure: In order to avoid any effects of plating procedures on the presumed quality of synchrony,4 all bacterial counts and size distributions were determined using a Coulter Counter Model B with a particle size distribution plotter. The counter was operated with a 30-p-diameter orifice, maximum amplification, and a 1/current setting of 0.707. Coulter Counter readings were maintained in the 2-20 X 103 range and were performed either directly in the eluent or after dilution in normal saline which had been filtered through a type HA Millipore filter. No corrections were made in the data for background or coincidence counts.
Results.-The synchronization technique will be analyzed first by presenting the characteristics of the selection principle, and second by describing the results obtained under optimal conditions for continuous collection of new daughter cells. Analysis of the technique was best accomplished by observing the elution of bacteria from the anion exchanger for extended periods of time. Figure 2 shows the elution pattern during a few hours of recirculation of growth medium through a stack of 8 aminoethyl-cellulose papers (curve AE) and 4 diethylaminoethyl-cellulose papers (curve DEAE). During the first 15 min of elution, the number of cells eluted decreased with time, presumably because of the washout of unbound and weakly bound cells. After this initial period, the bacteria in the eluent were small in size, but this selection became poorer with time. To account for the increase in bacterial concentration with elution time, it was concluded that the cells were growing on the anion exchanger. This conclusion was supported by the observation that if cell growth were inhibited, the appearance of cells in the eluent was suppressed. When NaCN was added to the recirculating eluent (curve DEAE), the number of cells removed from the anion exchanger rapidly decreased. The requirement of growth on the exchanger for. elution of bacteria is also shown in Figure 3 , where the concentration of salts in the eluent medium was altered. This alteration impeded growth of the cells on the exchanger, and resulted in a rapid decrease of cell number in the eluent. When elution was continued for a sufficient time for the cells to adapt to the altered growth medium, recovery to approximately the original elution titer occurred.
Although the multiple-paper experiments illustrated that growth during elution was necessary for selection, the withdrawal of new daughter cells was not optimal under these conditions. If this selection is related to the division of cells bound to the exchanger, then selection should be enhanced by reducing the number of papers. Figure 4 shows the results of the elution of bacteria from 8, 4, and 1 aminoethylcellulose papers. As the number of papers was reduced from 8 to 1, the brief plateaus observed at intervals of a generation time became more pronounced. The elution pattern from 1 aminoethyl-cellulose paper occurred stepwise with the generation time because the barriers to removal of the new daughter cells were minimized, and this resulted in a constant efficiency of removal. In the multiplepaper experiments some of the cells eluted from the upper papers became bound in after each round of division depended on the efficiency of removal of the new daughter cells. Therefore, if less than 50 per cent of the new daughter cells was removed, then the concentration of cells in the eluent had to increase at intervals of a generation time.
As shown in Figure 5 , the efficiency of removal of new daughter cells depended on the ionic strength of the eluent relative to that of the binding medium. Curve A in Figure 5 shows that it was possible to approach the condition of constant elution titer for an extended period of time by inoculating an aminoethyl-cellulose paper with a culture which had been diluted 1: 10 with distilled water and eluting with normal minimal medium. This result was also obtained by eluting with medium containing approximately twice the salt concentration of the normal medium used for inoculation of the paper. However, in both cases the constant elution pattern was only approached, and the concentration of eluted cells began to rise after about 2 hr of elution. Curve B in Figure 5 shows that when the paper was eluted with VOL. 50, 1963 MICROBIOLOGY: HELMSTETTER AND CUMMINGS 771 medium which had been diluted 1: 2 with distilled water relative to the inoculation medium, the elution pattern was similar to that obtained in the multiple-paper experiments. While the elution behavior has been described at length, it remains to be shown that the eluted cells grew synchronously. The degree of synchronous growth of bacteria in samples taken at any time during elution depended upon the elution FIG. 5.-Elution of bacteria from 1 aminoethyll cellulose paper as a function of the minimal salts concentration of the eluent relative to the inoculation medium. (A) The paper was inoculated with a log . 2.0 A phase culture after it had been diluted 1:10 with dis-o tilled water (to 3 X 107 bacteria/ml), washed as de-x scribed in Materials and Methods with 1 liter of a x e 1: 10 dilution of the conditioned medium, and eluted .0 .0 with (conditioned medium from the culture prior to U _ dilution. The elution rate was 600 ml/min. (B) The paper was inoculated and washed in the normal 0 0.5 fashion as described in Materials and Methods, but eluted with a 1:1 dilution of the conditioned medium in distilled water. The elution rate was 200 ml/min.
(C) The paper was inoculated, washed, and eluted with the same conditioned medium. The elution rate 0 20 40 60 80 00 120
ELUTION TIME (MIN.) medium used and the degree of binding of the cells to the paper. Figure 6 illustrates the synchronous division obtained with and without washing the aminoethyl-cellulose paper after inoculation. Both samples for synchronous growth analysis were taken after 40 min of elution, but the quality of synchrony was essentially the same in samples taken over 1 hr after this time. The synchronously dividing cells were collected without further manipulation from a growing culture as they fell off the 16.0 -A FIG. 6.-Synchronous growth under conditions for optimal degree of synchrony (B) and 8.0i near maximum yield of bacteria (A). Both were r performed in the same manner, as described in Materials and Methods, except that: (B) the -40-paper was washed after inoculation and the bacteria were counted directly in growth medium, and (A) the paper was unwashed and the bac-Wm teria were counted after dilution in normal 3 2.0_ saline. The flow rates for elution were set at approximately 150 ml/min by maintaining a 1-liter head above the paper. In both cases, a sample of the eluent was collected for 1 min, and bacterial concentration was determined during incubation at 370C with vigorous shaking. ter. The counting time for each size addition, the stepwise elution curves obtained interval was set at 8 sec.
in the single-paper experiment indicate that the bound cells were uniformly distributed in age. Although the exchanger was inoculated with a log phase population, a uniform age distribution could arise on the paper by a counterbalancing of cell number with binding ability. While Powell9 has shown that the younger cells are more frequent in a log phase culture, we have evidence that the larger cells bind more readily to the exchanger. If an unusually weak binding stage exists during growth of E. coli (as shown for HeLa cells in the synchronization technique of Terasima and Tolmach'0), a pronounced dip would have been expected in the elution curve at intervals of a generation time. Finally, it was not possible to obtain a negative slope in the elution curve, as would be expected if random removal of small cells were involved, unless growth on the exchanger was stopped by artificial means. At best, a constant elution pattern could only be approached. It must be assumed, therefore,
